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Available online 16 March 2014AbstractThe glacial diamicts deposited in the Jutulsessen area of Gjelsvikfjella, Dronning Maud Land, East Antarctica show the effects
of localized meltwater channels and wind processes, as well as of the dominant glacial processes. These glacial sediments are
characterized by poor sorting and a variable mean particle size, and the localized meltwater channels have removed silt- and clay-
sized sediments, resulting in the relative enrichment of coarser sediments. The X-ray diffraction (XRD) patterns of clay minerals in
samples collected across the study area show very similar characteristics. Biotite is the dominant mica mineral in the clay together
with chlorite and K-feldspar. The presence of illite, and small amounts of smectite, demonstrates the limited extent of chemical
weathering due to the cold and arid conditions. The samples from the glacial fan area contain mixed-layer clays, suggesting the
effects of localized meltwater and limited chemical activity which has altered the crystal structure of biotite at lower topographic
level. Scanning electron microscopy (SEM) analysis of surface microtextures from representative quartz grains suggest the
dominance of glacial and glaciofluvial processes. The low rates of biogenic activity in this area are indicated by the low total
organic carbon (TOC) content of the sediments.
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The ice-covered continent of Antarctica reveals
little information in its rocky outcrops (<2% of total
area). Therefore, the study of moraines and other
glacial deposits is of vital importance to our attempts
to decipher the hidden geology of the continent. These
moraines and tills of Antarctica exhibit a complex
topography. Licht and Palmer (2013) discussed
Fig. 1. Locations of sediment samples in Jutulsessen area of Gjelsvikfjella, East Antarctica.
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beneath the East Antarctic outlet glaciers. Several
workers have pointed to the presence of erratics and
moraines up to 1000 m above the present ice surface
(Roots, 1953; Swithinbank, 1959; Lunde, 1961;
Ha¨ttestrand and Johansen, 2005), testifying to an
expansion of the ice sheet in the geological past. Their
general disposition indicates that the tills and moraines
were deposited during the Last Glacial Maximum
(LGM). Jonsson (1988) concluded that the higher
peaks of the mountain range of Dronning Maud Land
were not covered by the ice sheet.
The Jutulsessen mountain range is about 235 km
south of the eastern part of Princess Martha Coast in
Dronning Maud Land, East Antarctica (Fig. 1). During
the 28th Indian Scientific Expedition to Antarctica
(2008e2009), an area of 250 km2 (including the ice-
covered area) between latitudes 71590S and 72070S,
and longitudes 02510E and 02280E, was studied.
Fitzsimons (1996, 1997) investigated the glacial sedi-
ments of central Dronning Maud Land, and discussed
the paraglacial sedimentary and earth surface pro-
cesses, before developing models of moraine formation
and landscape erosion. The scanning electron micro-
scope (SEM) analysis of surface microtextures (e.g.,
conchoidal fractures and arcuate steps) in representa-
tive quartz grains presented here adds new data thatsupport the dominance of glacial and glaciofluvial
processes in this part of Dronning Maud Land.
2. General geology and geomorphology
The geology of western Dronning Maud Land was
initially described by Ohta et al. (1990), who reported
that the northern part of Gjelsvikfjella is dominated by
the Jutulsessen metasupracrustals, which were intruded
by a major gabbroic body and several generations of
dykes. As these geological units are described in Fig. 2
of Ohta et al. (1990), they are not reproduced here. To
the south, the metasupracrustals gradually give way to
the Risemedet migmatites. In western Mu¨hlig-Hof-
mannfjella the bedrock is dominated by the large
Svarthamaren charnockite batholith. The batholith is
bordered by the Snøtoa metamorphic complex, which
outcrops to the south and west in Mu¨hlig-Hofmannf-
jella, and is characterized by a high proportion of
partly assimilated country rock inclusions. The
different lithotypes exposed in the study area include
migmatitic granite gneiss, gabbro/diorite, biotite
gneiss, augen gneiss, and various other intrusive
bodies. The regional foliation in the Jutulsessen area
trends NWeSE and dips moderately to steeply SW. In
the Stabben sector, the regional foliation veers to the N
and NE, suggesting a localized change in the
Fig. 2. (a) Selected grain size distribution pattern of glacial sediments from locations 28 to 44 in the Jutulsessen area of East Antarctica showing
their polymodal nature. (b) Selected grain size distribution of glacial sediments from locations 49 to 67 in the Jutulsessen area of East Antarctica
showing their polymodal nature. (c) Selected grain size distribution of glacial sediments from locations 71 to 83 in the Jutulsessen area of East
Antarctica showing polymodal nature.
266 P.K. Shrivastava et al. / Polar Science 8 (2014) 264e282
Fig. 2. (continued).
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Fig. 2. (continued).
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shear zones (foliation parallel), slip folds, boudins,
joints, and minor faults. In the gabbro/diorite pluton in
the Stabben area, sheet jointing is common. Generally,
the different types of gneiss show gradational varia-
tions in colour, composition, and texture. Crenulated
granite gneiss containing mafic dykes of different ages
is characteristic of the Jutulhogget area. In the Stabben
area, a gabbro/diorite pluton and a granite body have
intruded the gneissic country rock.Fig. 3. Mean particle size of sediment sJutulsessen, a large mountain range rising up to
2370 m, is situated in the northern part of the Gjels-
vikfjella Mountains, Dronning Maud Land (Fig. 1).
The entire area is covered by rugged mountain peaks
exposed above the ice sheet, valleys, and various types
of glacial deposits. Most of the slopes, particularly
towards the west, are covered by loose sediments. The
general drainage is northwards towards the Princess
Martha Coast. The area is drained from south to north
by two major glaciers, Slithallet and Fjellimellom,amples from the Jutulsessen area.
Fig. 4. Sorting of sediment samples from the Jutulsessen area.
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the study area, respectively. The erosive actions of
glaciers and wind are clearly marked on the exposed
outcrops in the form of caves, horns, areˆtes, and pol-
ished surfaces. In the topographically lower area, ter-
minal moraines are also present.
3. Sample collection and methodology
Twenty representative samples of glacial sediments
were collected (after removing the surface cover)
from various locations in the Jutulsessen area (Fig. 1).
These samples were properly macerated with H2O2
and acetic acid, before being thoroughly washed with
distilled water and decanted. The grain size distribu-
tions of the macerated sediment samples were ob-
tained using a mechanical automatic sieve shaker and
the standard pipetting method. The results of the sieve
analysis were plotted to determine various statistical
parameters (mean particle size, sorting, skewness, and
kurtosis) and to facilitate graphical interpretation. The
surface textures of quartz grains were studied byFig. 5. Skewness of sediment sampSEM. The clay mineralogy was determined by X-ray
diffraction (XRD). Subsamples of the untreated bulk
sediment samples were analysed for major oxides
using X-ray florescence (XRF). About 10 g of each
sample was collected after coning and quartering, and
treated with dilute HCL and SnCl2 (5 M). From these
chemically cleaned sediment samples, medium to fine
sand-sized representative quartz grains were
randomly picked for detailed surface texture studies.
The grains were first mounted on specially designed
aluminium stubs and then coated with 150 A gold
palladium film before being studied under an SEM
(LEO 440).
4. Results
The grain size, surface textures of selected quartz
grains, clay mineralogy, major oxides, and total
organic carbon (TOC) content of the glacial sediment
samples from the Jutulsessen and Gjelsvikfjella areas
showed little spatial variation. Details of these pa-
rameters are described below.les from the Jutulsessen area.
Table 1
The percentile (F) values of sediment samples from the Jutulsessen area.
Locations 28 29 32 33 36 37 38 44 49 50 53 56 61 63 64 67 71 73 82 83
95 F 3.4 3.4 2.6 3.6 2.5 2.4 2.4 2.7 3.6 3 3.4 3 3.5 2.3 3 3.6 2.7 3 3 3.4
84 F 2.6 2.35 1.99 2.9 1.75 1.5 1.85 2 2.8 2.41 2.6 2.6 2.6 1.4 2.3 2.8 2.3 2.3 2.2 2.2
75 F 2.2 2 1.4 2.6 1.35 1.1 1.6 1.6 2.4 2 2.4 2.4 2.3 1.2 1.8 2.4 2 2.05 1.8 1.7
50 F 1.1 1.2 0.85 1.35 0.95 0.75 1.1 1 1.35 1.05 1.5 1.4 1.4 0.75 0.9 1.4 1.1 1.1 1 0.95
25 F 0.2 0.6 0.2 0.15 0.15 0.3 0.65 0.3 0.55 0.05 0.7 0.7 0.8 0.05 0.2 0.6 0.5 0.6 0.1 0.1
16 F 0.3 0.15 0.45 0.7 0.6 0.5 0.05 0.9 0.35 0.4 0.15 0.05 0.4 0.3 0.6 0.5 0.2 0.15 0.3 0.3
5 F 0.9 1 1.1 1.8 1.2 1.2 1 1.7 1.2 1.1 1.3 0.9 0.7 0.9 1.6 1.2 0.9 0.75 1 1
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Grain size analysis of the sediment samples
revealed the polymodal nature of their particle size
distributions (Fig. 2). The mean particle size of the
samples varied from 0.43 to 1.28 F (Fig. 3); the sed-
iments were poorly sorted (Fig. 4), and phi skewness
was more or less zero (Fig. 5), ranging from slightly
positive to slightly negative values (Tables 1 and 2).
Kurtosis ranged from 0.9 to 1.98 (Fig. 6).
Most of the sediment samples showed modes
coarser than 1 F, although some samples also
showed modes finer than 2 F. Interestingly, there was a
prominent mode between 1 and 2 F in all samples
(Fig. 2). This type of polymodal distribution, with one
or more modes coarser or finer than 2 F, is interpreted
to represent sediment transport in the basal zone of the
glacier here by traction (Boulton, 1978). Generally, in
deglaciated terrain, major deposition takes place near
the terminal part of a glacier, and these deposits are
subsequently reworked by glacial meltwater (Mahaney
and Kalm, 1995), which is invariably present in the
terminal area. Hence, almost all glacial sediments can
be considered to have undergone some reworking by
localized meltwater. The main effect of reworking by
water is the removal of silt- and clay-sized sediments,
which leads to the relative enrichment of coarser sed-
iments (Reineck and Singh, 1980). At locations 32, 37,
38, 44, and 50, the combined percentage by weight (wt
%) of silt and clay was very small (Fig. 7), indicating
their removal by localized fluvial action. Likewise,
samples from other locations (28, 36, 56, 63, 64, 67,Table 2
Statistical parameters [Mean: Mz, Standard deviation: SD, Skewness: Sk, a
Locations28 29 32 33 36 37 38 44 49 50
Mz 1.05 1.05 0.71 0.9 0.43 0.45 0.88 0.5 1.083 0.953
SD 1.55 1.52 1.41 2.16 1.62 1.262 1.23 1.82 1.834 1.54
Sk 0.010.180.220.330.460.37 - 0.37- 0.4 - 0.23 - 0.17
Ks 1.61 1.61 1.26 0.9 1.29 1.204 1.98 1.19 0.946 0.96973, 82, and 83) showed a depleted (silt þ clay) wt%,
indicating fluvial reworking of the glacial sediments
(Mills, 1977a,b). At location 38, the meltwater had
formed an outwash deposit. The broader valley in the
Jutulsessen area, together with the ice sheet, creates a
favourable trap for transported sediments and outwash
channels. This has resulted in the formation of a gla-
ciofluvial fan at the ice margin. The intrinsic variability
of meltwater discharge leads to dramatic variations in
the grain size of such glaciofluvial outwash sediments
(Duff and Donald, 1998). The sediment samples from
locations 82 and 83 also represent a glaciofluvial fan,
having rounded pebbles in a coarse sand matrix. Sieve
analysis of these sediments showed that the average
combined silt and clay percentage was about 0.97% of
the total sediment amount. The majority of sediments
sampled from these locations fall in the medium to
very coarse sand fractions.
The unconsolidated and unstratified sediments of
the Jutulsessen area were mainly deposited by glaciers,
and have been further modified by localized water
channels and some aeolian processes. Larger sediment
clasts are distributed irregularly in a fine-grained ma-
trix. The presence of labile minerals such as feldspar
and ferromagnesian minerals, as well as angular and
unaltered sediment grains, are important features of
glacial diamicts of this area and indicate their imma-
ture state (Reineck and Singh, 1980). On the basis of
particle size distribution, roundness, striations, fabric,
and lithological composition, Mills (1977a,b) identi-
fied five subglacial environments, namely, basal till,
recessional-moraine till, lateral-moraine till, ablationnd Kurtosis: Ks] of sediment samples from the Jutulsessen area.
53 56 61 63 64 67 71 73 82 83
1.067 1.25 1.283 0.583 0.633 0.98 0.97 1.1 0.9 0.88
1.744 1.414 1.43 1.041 1.754 1.71 1.27 1.269 1.391.44
- 0.29 0.2 0.14 0.2410.1920.2 0.150.0660.080.01
1.307 1.036 1.255 1.23 1.189 0.94 1.18 1.025 1.151.18
Fig. 6. Kurtosis of sediment samples from the Jutulsessen area.
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good sorting, and very low percentages of silt and clay,
the sediment sample from location 38 is interpreted to
have been deposited in an outwash sub-environment.
Highly angular and coarse sediment grains are
typically derived from gneissic/granitic country rock
and they indicate an immature deposit and short
transportation distances (Pettijohn, 1984). The rela-
tive abundance of various grain sizes in the samples is
determined by various factors, such as the nature of
the bedrock over which the glacier moves, the
morphological characteristics and flow velocity of the
glacier, the position of the transported material in
relation to the glacier, the mode of deposition, and
any subsequent reworking by meltwater (Kukal,
1970). The glacial sediments sampled here are char-
acterized by the presence of some rock fragments of
gravel and boulder size. These gravels are mostly of
gneissic and dioritic composition, and are goodFig. 7. Weight percentage of combined silt and clay fractindicators of bedrock composition and local sediment
types. However, such large gravels and boulders can
be transported significant distances in this kind of
glacial setting, and so may not represent the actual
bedrock composition of the local area. The majority
of gravels in glacial diamicts are angular to sub-
rounded. Their edges and corners are rarely rounded
off to smooth curves.
4.2. Clay mineralogy
On land, clay minerals are generally the weathering
products of rocks and soils. The type of clay minerals
produced mainly reflects the climatic conditions of the
catchment area, as well as the geology and topography
of the region. Therefore, such minerals can be used as a
potential tool in palaeoclimatic reconstruction (Sirocco
and Lange, 1991; Dilli and Pant, 1994), and the pro-
cesses which had operated on these sediments.ions from sediment samples in the Jutulsessen area.
Fig. 8. X-ray diffraction of clay minerals showing mechanical weathering at location 28 and some decomposition at location 83.
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Table 3
Total Organic Carbon (TOC), in sediments from the Jutulsessen area.
Sample no. 28 29 32 33 36 37 38 44 49 50 53 56 61 63 64 67 71 73 82 83
TOC (%) 0.3534 0.3194 0.3959 0.4925 0.5241 0.4562 0.7565 1.027 0.8329 0.4885 0.1789 0.1324 0.2272 0.1784 0.2588 0.2723 0.1941 0.223 0.2516 0.2573
Table 4
Weight loss in sediments after removal of organic material from the Jutulsessen area.
Sample no. 28 29 32 33 36 37 38 44 49 50 53 56 61 63 64 67 71 73 82 83
Before (g) 41.95 29.35 40.31 41.8 40.13 40.96 42.73 41.36 40.7 41.22 40.83 40.83 36.18 39.12 42.04 40.11 41.12 40.98 41.31 40.41
After (g) 41.74 28.61 40.18 41.44 40.07 40.55 41.65 41.18 40.59 40.97 40.63 40.8 36.01 38.69 41.72 39.38 41.04 40.86 41.28 40.25
Difference (g) 0.21 0.74 0.13 0.36 0.06 0.41 1.08 0.18 0.11 0.25 0.2 0.03 0.17 0.43 0.32 0.73 0.08 0.12 0.03 0.16
Fig. 9. Weight loss after removal of organic matter from sediment samples of the Jutulsessen area.
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Fig. 10. (A) Selected SEM micrographs highlighting the shape and surface textures of quartz grains from sediments of Jutulsessen area: (a) 1:
angular grain, 2: conchoidal fractures and 3: pitted surface. (b) 1: angular grain and 2: straight steps. (c) 1: angular grain, 2: arcuate steps and 3:
straight steps. (d) 1: subangular grain and 2: polished surface. (e) 1: subrounded and subspherical grain and 2: polished surface. (f) 1: arcuate steps,
2: deep troughs and 3: polished surface. (g) 1: angular grain and 2: pitted surface. (h) 1: conchoidal and 2: polished surface. (B): Selected SEM
micrographs highlighting the shape and surface textures of quartz grains from sediments of Jutulsessen area: (i) 1: angular grain, 2: breakage
blocks and 3: adhered particles. (j) 1: adhered particles, 2: conchoidal fractures and 3: sharp edges. (k and l) 1: subround grain, 2: adhered
particles, 3: parallel and curved steps, 4: polished surface, 5: striations. (m) 1: arcuate steps, and 2: conchoidal fractures. (n) 1: sharp edges with 2:
striations. (o) 1: conchoidal fractures and 2: polished surface. (p) 1: imbricate blocks, 2: polished surface and 3: arcuate steps.
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Fig. 10. (continued).
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Fig. 11. (A) Selected SEM micrographs highlighting the shape and surface textures of quartz grains from sediments of Jutulsessen area: (a and b)
1: angular, 2: with sharp edges, 3: adhered particles, and 4: both parallel and curved steps. (c and d) 1: Subangular grains, and 2: conchoidal
surfaces. (e and f) 1: Subangular with adhered particles, and 2: little rounding of quartz grains has been observed. (g and h) 1: angular, 2: concave
surfaces, and 3: high-relief blocks. (B) Selected SEM micrographs highlighting the shape and surface textures of quartz grains from sediments of
Jutulsessen area: (i) 1: polished, 2: multifaceted surfaces and 3: high-relief blocks (j) 1: curved steps and 2: conchoidal surfaces. (k and l) 1:
Angular marked by 2: polished surface, 3: deep trough and 4: concave surfaces (m) 1: subangular to subrounded grain with straight to 2: curved
steps, 3: large conchoidal surface. (n) 1: angular grain with 2: curved steps.
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Fig. 11. (continued).
277P.K. Shrivastava et al. / Polar Science 8 (2014) 264e282The XRD analysis of clay minerals from the sed-
iments sampled here showed very similar character-
istics across the study site. Biotite was the dominant
mineral, and the other minerals present in subordinate
amounts were chlorite, feldspar, and quartz. Illite was
present in some of the samples, especially those
located at lower altitudes. The sharpness and shape of
the biotite peaks in the diffractograms as obtained in
most of the sediment samples, indicated that this
mineral had remained unaltered, and was derived
from disintegration and/or mechanical processes only
(Fig. 8).Illite tends to be derived from more acidic rocks.
The presence of illite, small amounts of smectite,
demonstrates the limited extent of chemical weath-
ering, but the increased physical weathering of acidic
and other intrusive rocks under cold conditions.
Samples from location 83 (glacial fan setting) at the
foot of the mountain contained some Illite (mont-
morillonite mixed layers; Fig. 8). However, this
mixed layer was not distinct at the nearby location 82.
Likewise, mixed layers were found at location 38, but
were absent from locations 36 and 37. These mixed
layers must have formed by hydrolysis in
Table 5
SEM microtexture frequencies (%) for quartz grains contained in the sediments from the Jutulsessen area as shown in Fig. 10A and B.
Sample a b c d E, f g h i j k l m n o p
Morphological textures
Angular outline 95 80 100 70 65 85 85 90 95 65 70 70 90 90 95
Relief Low relief 20 15 10 5 5 10 15 5 10 30 30
Medium relief 35 5 20 20 45 65 55 45 15 45 30 15
High relief 45 95 65 70 50 30 35 40 80 45 40 55
Mechanical textures
Large conchoidal fractures 20 25 30 10 20 20 20 15
Small conchoidal fractures 5 10 5 25 20 20 10 20 10 5 60 15
Arcuate steps 5 10 15 10 5 5 30 10 20
Straight steps 10 20 10 15 15 5 20 5 10 10
Breakage blocks 25 40 25 10 10 25 5 30
Curved grooves 5 10 5
Straight grooves/striations 5 10 5 5 10 30 40 5
V-shaped percussion cracks 5 5 20 5 10 2 2
Deep troughs 20 5 10 10 10 20
Pitted surface/collision pits 35 35 25 10 5 5 2 5
Chemical textures
Precipitation features 5 10 5 5
Adhering particles 5 5 5 2 2 2 2 2 5 5 1 5
278 P.K. Shrivastava et al. / Polar Science 8 (2014) 264e282warmehumid and coldedry conditions (Chamley,
1989).
4.3. Total organic carbon content
The TOC value of most of the samples was low,
except at locations 38 (near a small lake on a glacial
fan), 44 (on the hill slope), and 49 (near the stationTable 6
SEM microtexture frequencies (%) for quartz grains contained in the sedim
Sample a b c d e
Morphological textures
Angular outline 95 45 65 95
Relief Low relief 15 15 10 5
Medium relief 35 40 25 10
High relief 50 45 65 85
Mechanical textures
Large conchoidal fractures 20 20 30 20
Small conchoidal fractures 5 10 10 10
Arcuate steps 10 10 30 10
Straight steps 10 10
Breakage blocks 25 20 40
Curved grooves
Straight grooves/striations
V-shaped percussion cracks 2 2
Deep troughs 20 30
Pitted surface/collision pits
Chemical textures
Precipitation features
Adhering particles 5 5 5area) (Table 3). Further, the TOC values are indepen-
dent of all other major oxides and loss on ignition
(LOI). The very low value of TOC indicates very low
organic productivity. It was also found that after proper
maceration, maximum weight loss occurred from the
sediment sample collected from location 38 (Table 4;
Fig. 9). Variations in organic carbon content at
different locations may be attributed to changes inents from the Jutulsessen area as shown in Fig. 11A and B.
f g h i j k l m n
65 100 100 95 100 100 75 40 95
10 20 15 15 10 10 10
40 20 30 55 55 50 40 65 20
50 80 50 30 30 40 60 25 70
20 50 20 20 20 20 10 50 30
10 20 20 15 20 25 10
15 20 10 15 35 30
20 5 2 15
30 30 20 5 20
5
10 5 15 5
20 40 30 15
5 5
5 2 2
Table 7
XRF, CIA and LOI (in %) data from the sediment samples from the Jutulsessen area.
Sample no. SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O MnO TiO2 P2O5 CIA LOI
28 67.75 14.68 3.73 2.65 1.02 3.26 4.74 0.06 0.49 0.15 57.95 0.77
29 64.82 14.68 4.31 2.44 1.02 3.14 5.34 0.06 0.57 0.23 57.34 1.54
32 69.72 15.13 2.01 2.14 0.43 3.76 4.48 0.04 0.23 0.12 59.31 0.42
33 60.34 14.74 7.37 2.57 2.56 2.38 4.75 0.1 1.01 0.23 60.31 2.01
36 70.5 14.8 2.29 2.41 0.5 3.6 4.42 0.04 0.26 0.12 58.66 0.3
37 71.07 14.42 1.91 2.19 0.38 3.63 4.5 0.03 0.19 0.12 58.29 0.36
38 70.55 15.4 1.7 2.52 0.44 3.99 4.18 0.02 0.19 0.09 59.03 0.25
44 68.26 14.91 3.15 2.65 0.74 3.56 4.17 0.09 0.39 0.17 58.96 0.67
49 60.73 15.2 6.73 2.93 2.89 2.83 3.96 0.09 0.95 0.27 61.00 1.72
50 65.26 15.92 3.65 2.63 0.88 3.47 4.59 0.05 0.49 0.35 59.83 0.83
53 61.96 16.59 5.88 3.96 0.99 3.13 4.05 0.07 0.8 0.43 59.83 0.34
56 62.23 15.07 5.48 2.81 1.68 3.21 4.39 0.07 0.79 0.26 59.14 2.03
61 59.84 15.96 6.81 3.2 1.98 3.16 3.88 0.06 1.18 0.39 60.92 1.33
63 69.25 16.01 1.92 2.52 0.48 4.05 4.51 0.03 0.21 0.15 59.10 0.38
64 65.52 15.13 3.99 2.87 1.13 3.35 4.54 0.05 0.55 0.39 58.89 1.13
67 60.19 14.65 4.7 2.63 1.94 3.51 4.34 0.06 0.74 0.55 58.30 4.92
71 67.02 15.27 3.3 3.21 1.04 3.75 4.05 0.06 0.46 0.26 58.11 0.4
73 69.63 15.21 2.4 2.8 0.65 3.85 4.15 0.05 0.32 0.18 58.48 0.23
82 70.21 15.15 2.36 2.77 0.65 3.92 4.08 0.04 0.3 0.15 58.45 0.23
83 63.84 16.24 3.3 3.57 1.21 4.09 4.1 0.06 0.42 0.34 58.00 0.72
279P.K. Shrivastava et al. / Polar Science 8 (2014) 264e282productivity, preservation, or both (Emerson, 1985;
Emerson and Hedges, 1988; Hedges and Keil, 1995),
or the level of oxidation (Paropakari et al., 1993). An
additional cause of changing organic carbon ratios
could be dilution by inorganic components (Calvert
et al., 1995).
4.4. SEM analysis of quartz grains
Quartz grains in the 45e60 mm size range and of
glacial origin show characteristic surface features under
the electron microscope (Krinsley and Funnell, 1965).
Such surfaces show abundant conchoidal fractures,
minor striations, polished surfaces, arcuate steps,
imbricate breakage blocks, and small-scaleFig. 12. The plot between log (SiO2/Al2O3) and log (Fe2O3/K2O)
indicates about wacke to shale composition of sediments (Herron,
1988).indentations. Figs. 10 and 11 show SEM images of
quartz grains separated from the glacial sediments.
Typical morphological, mechanical, and chemical tex-
tures are shown in Figs. 10 and 11, and frequencies of
occurrence (%) of these textures are listed in Tables
5and 6, respectively. Whalley and Krinsley (1974) used
the surface features of quartz grains to obtain additional
information on the various glacial sub-environments.
The present study identifies the differences between
supraglacial and subglacial materials, and highlights the
usefulness of surface precipitation features in providing
information on the sequence of events.
Quartz grains from location 32 are angular
(Fig. 10aed) and show straight steps, arcuate steps
(Fig. 10c), and polished surfaces (Fig. 10d). FromFig. 13. Plot between log (SiO2/Al2O3) and log (Na2O/K2O) shows
greywacke to lithicarenite composition of sediments (Pettijohn,
1984).
Table 8
Trace element (in ppm) data from the sediment samples from the Jutulsessen area.
Location Be Ge Mo In Sn Hf Ta W Tl U Ba Cr Sr Zn
28 2.76 1.15 1.59 0.07 1.07 6.10 0.76 606.09 0.33 3.23 1000 33 274 290
29 3.01 1.13 1.18 0.07 0.51 6.63 0.87 916.65 0.24 6.20 1235 29 291 450
32 3.12 0.96 0.99 0.05 1.53 5.50 0.64 911.98 0.43 3.21 858 14 201 220
33 3.16 1.82 1.93 0.10 2.31 8.58 1.39 387.08 0.37 8.57 1122 78 279 371
36 2.50 0 1.09 0.05 1.30 5.18 0.61 610.34 0.46 2.96 865 18 232 188
37 2.74 0.99 1.16 0.08 0.53 3.74 0.71 987.44 0.52 2.91 808 25 255 150
38 2.61 0.83 0.93 0.03 0.44 3.19 0.46 858.36 0.42 1.80 931 24 304 131
44 2.43 1.33 2.15 0.05 0.95 5.19 0.81 783.98 0.58 4.48 786 31 232 187
49 2.60 1.66 1.99 0.08 2.39 7.14 1.22 833.95 0.37 41.18 746 82 250 290
50 3.24 1.35 1.82 0.09 1.61 8.42 1.11 746.79 0.69 4.60 932 40 273 351
53 2.12 1.95 2.11 0.08 1.09 14.99 1.43 488.10 0.55 3.97 974 22 272 808
56 2.72 1.42 2.18 0.07 1.93 8.49 1.31 812.84 0.46 6.87 984 50 279 447
61 2.34 2.14 2.72 0.08 0.64 15.24 1.10 569.15 0.07 4.61 1314 60 232 638
63 3.11 1.08 1.49 0.03 0.40 4.66 0.57 1044.75 0.30 2.36 958 24 358 166
64 2.53 1.18 1.99 0.06 1.73 6.85 0.84 669.86 0.29 2.80 1007 45 316 310
67 1.77 1.16 1.11 0.03 1.74 5.83 0.75 524.30 0.07 3.39 813 62 280 343
71 2.58 1.13 1.11 0.05 1.24 6.07 0.71 618.92 0.22 3.17 982 46 366 300
73 2.56 0.94 0.94 0.04 1.08 5.80 0.71 709.20 0.27 2.64 910 31 334 224
82 2.41 0.86 0.98 0.03 0.87 5.87 1.09 660.36 0.40 3.45 1111 36 410 230
83 1.96 0.92 0.90 0.07 0.71 3.87 0.56 689.40 0.26 2.37 1190 38 515 230
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straight, and curved steps (Fig. 10f and g), as well as
conchoidal and polished surfaces (Fig. 10h). Location
37 showed angular (Fig. 10i and j) grains with sharp
edges (Fig. 10j). Quartz grains from location 38 showed
parallel and curved steps (Fig. 10k, m, and n), and
polished surfaces with striations (Fig. 10l). Polished
surfaces (Fig. 10o) and imbricate blocks (Fig. 10p)
were also observed on the grains from this location.
Grains from location 44 were angular, with sharp edges
and both parallel and curved steps (Fig. 11a and b). The
subangular (Fig. 11c and d) grains from this location
also showed conchoidal surfaces. Little rounding of
quartz grains was observed in samples from location 50
(Fig. 11e and f). The morphology of quartz grains from
location 61 was dominated by angular and concave
surfaces, and high-relief blocks (Fig. 11g and h). Pol-
ished and multifaceted surfaces and high-relief blocks
(Fig. 11i), along with curved steps and conchoidal
surfaces (Fig. 11j), were characteristic features of the
quartz grains from location 63. Quartz grains from
location 73 were angular, and marked by polished and
concave surfaces (Fig. 11k and l). Location 82 showed
subangular to subrounded grains with straight to curved
steps (Fig. 11m), while location 83 showed angular
grains with curved steps (Fig. 11n).
The various morphological textures of quartz grains
(including angular to subrounded outlines, shape, and
surface relief) from Jutulsessen area, reflect the effects
of the dominant glacial action (Mahaney et al., 1996).
The mechanical action of glaciers includes crushingand abrasion, which leads to the development of a suite
of textures such as conchoidal fractures, arcuate steps,
subparallel linear fractures, angularity, and high relief
(Kuenen and Perdok, 1962; Margolis and Kennett,
1971; Williams and Morgan, 1993; Mahaney and
Kalm, 1995; Mahaney et al., 1996). Glaciofluvial ac-
tion leads to the rounding of earlier glacial features.
Grainegrain collisions in subaqueous environments
produce V-shaped and irregular impact pits, large
breakage blocks, etc. (Manker and Ponder, 1978;
Georgiev and Stoffers, 1980; Linde and Mycielska-
Dowgallo, 1980; Manickam and Barbaroux, 1987;
Williams and Thomas, 1989; Helland and Holmes,
1997; Passchier et al., 1997; Strand et al., 2003). Large
breakage blocks indicate grainegrain impacts, while
dull surfaces and euhedral (angular) outlines indicate
dissolution and recrystallisation. Most of the angular
grains were freshly derived and have angular outlines
and composite surface features, while very few grains
had subdued and modified features (e.g., smoothing
and rounding of corners, sharp edges, random
scratches, and meandering ridges).
4.5. Sediment geochemistry
The average major oxide compositions (Table 7) of
the sediments were very similar to the average chem-
ical composition of the granite gneiss country rock
described by Paulsson and Austrheim (2003). The
major oxides show different degrees of correlation
among each other. SiO2 is inversely correlated with
281P.K. Shrivastava et al. / Polar Science 8 (2014) 264e282Fe2O3, MgO, TiO2, and P2O5, while it shows a direct
correlation with Na2O. Iron oxide is directly correlated
with MgO, MnO, TiO2 and P2O5, while it is inversely
related to Na2O. CaO is inversely related to K2O. MgO
shows high degree of direct correlation with TiO2.
These characteristics are very similar to the patterns of
major oxides in the country rock of the central Dron-
ning Maud Land area described by Ravindra et al.
(1994). The plot of log (SiO2/Al2O3) against log
(Fe2O3/K2O) (Fig. 12) indicates a wacke to shale
composition for the samples (Herron, 1988), while the
plot of log (SiO2/Al2O3) against log (Na2O/K2O)
(Fig. 13) indicates a greywacke to lithicarenite
composition (Pettijohn, 1984). The chemical Index for
alteration (CIA) varies between 57.3 and 61.0 (Nesbitt
and Young, 1984, 1989), and this suggests little
leaching of the country rock (Table 7). The CIA value
is also independent of the TOC value, which indicates
no relationship between chemical weathering and
biogenic activity.
Trace element data from the sediments of this area
also show similar patterns. Among all of the trace
element values in Table 8, Ba and Zn show the highest
concentrations. This may indicate the influence of
mafic-rich lithounits present in the catchment area
(Jang and Naslund, 2001).
5. Conclusions
The glacial diamicts of the Jutulsessen area are
characterized by polymodal grain size distributions,
poor sorting, and slightly positive to slightly negative
skewness, all of which point towards sediment trans-
port in the basal zone of a glacier. These sediments
were derived mainly from disintegration of the gneissic
country rock, which has a granitic composition, as
indicated by the chemistry of the bulk sediments. The
main effect of reworking by water is evident in the
removal of silt- and clay-sized sediments, and this led
to the relative enrichment of the coarser fraction of the
sediments. Most of the sediment sampled here was
within the medium to very coarse sand grades, and was
characterized by a common set of clay and other
constituent minerals. Biotite was the dominant mica
mineral within the clay fraction. The sharpness and
shape of the X-ray diffractograms for biotite indicate
the unaltered nature of the clay minerals and their
derivation from mechanical disintegration. The subor-
dinate role of chemical alteration was observed within
the sediments at the glacial fan site, and signifies the
localized effect of water at the foot of the Jutulsessen
mountains. SEM analysis of quartz grains showedvarious mechanical microtextures characteristic of a
predominantly glacial origin and subsequent glacio-
fluvial action. Very low TOC values of these
allochthonous glacial diamicts indicate extremely
limited organic productivity. The absence of any sig-
nificant correlation between TOC and major oxides
further supports the idea of mechanical breakdown of
these sediments. The glacial diamicts are of a wacke to
lithicarenite composition.
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